B y K e n n e t h h . C h u r C h , Me m b e r I E E E , nat h a n B . C r a n e , Pau l I . D e f f e n B a u g h , thomas P. Ketterl, Member IEEE, Clayton g. neff, PatrICK B. nesBItt, Student Member IEEE, JustIn t. nussBaum, Casey PerKowsKI, harvey tsang, Juan Castro, Student Member IEEE, JIng wang, Member IEEE, a n D thomas m. weller, Senior Member IEEE ABSTRACT | Direct digital manufacturing (DDM) is an emerging technology that is finding its place across a wide array of industries and applications as a cost-effective solution for low volume and mass customizable production. This technology encompasses a class of digital manufacturing techniques which can be combined to enable multimaterial fabrication and postprocessing. One of the promising applications for DDM is structural electronics, where lightweight printed plastics provide mechanical support as a fixture, package, or structural member and also host the electrical interconnects and devices, all in a contiguous fashion. Microwave structural electronics is a specific class of such systems for which the printing resolution as well as electrical and surface properties of the materials are especially important. This paper presents the current state of DDM technology, fundamental research into the electrical and mechanical properties of as-printed structures, and novel 3-D printed structures operating from C-band through Ku-band.
Along with this manufacturing flexibility comes an opportunity to reconsider design practices. Traditional design separates system requirements into separate components. Different design domains are often designed separately and then integrated. Electrical components are designed for the electrical functions and manufactured using specialized processes. These are then connected to structural components that were likewise optimized for the strength, stiffness, and vibration demands of the applications. Each component, its materials, and manufacturing processes are individually optimized. DDM requires a new approach that takes into consideration the mechanical properties of as-printed (versus bulk) materials, the influence of structural macromorphology and micromorphology, and multidomain optimization to leverage opportunities for reduced size, weight, and cost.
This paper provides an overview of DDM that includes its origins and current state of practice. In Section III, recent activity to expand the availability of DDM-compatible highperformance microwave materials is discussed. Sections IV and V present an overview of structural and electronic properties of DDM-printed materials. In Section V, two examples of microwave structural electronics are described. All work examples included herein were printed using an nScrypt 3Dn tabletop printer.
II. OV ERV IE W OF DIR EC T DIGITA L M A N U FACT U R ING
DDM is a manufacturing approach in which functional systems are manufactured directly from digital definitions with little or no requirement for part-specific tooling or human intervention. In general, this approach entails the integration of multiple materials to create functional systems. This requires the integration of multimaterial 3-D printing and pick and place techniques.
Three-dimensional printing is the accepted term for layer by layer or additive manufacturing. There are a number of 3-D printing technologies that use vats or powder beds that have proven to be effective for 3-D printing objects but are limited to certain materials and cannot print several materials within one part. The work described herein uses an inherently multimaterial approach based on the combination of FFF and microdispensing technologies. FFF uses thermoplastics melted and pressed through a small nozzle. Microdispensing involves the direct deposition of a slurry through a small nozzle. Precision milling, drilling, and polishing are additional technologies in the DDM space that can be used to ensure that high-frequency performance is maximized. Pick and place completes the fully automated, all-digital manufacturing approach that enables unusual and high-performance microwave electronics. The two main advantages for using DDM are the ability to integrate working electronics in any object or shape and the potential to mass customize products. The geometric sensitivity of microwave circuits and their typical feature sizes make them especially suitable for DDM. Other examples of hybrid, multimaterial processes that have been successfully demonstrated include the combination of FFF and electroplating [2] and polymer polyjetting with inkjet printing [3] . The use of dielectrics and metal nanoparticle inks in a single printing system is demonstrated in [4] and [5] for an aerosol jet and inkjet system, respectively. In comparison to FFF and microdispensing, the aerosol jet and inkjet techniques can achieve smaller feature sizes (~10 μ m or less) but with practical limits on layer thickness (~500 μ m or less).
A. The Fused Filament Fabrication Technique
FFF is known by the familiar trademark, fused deposition modeling (FDM), and was developed by Crump [6] . FFF commonly uses filament but may also accept pellets or powder as feedstock material. In all cases, material is forced into a heated section and melts. Melted material is pressed into a small nozzle with a set hole diameter and expelled onto the surface [7] . A typical nozzle in printing action is shown in Fig. 1 .
The nozzle follows a pattern as given by a computeraided design (CAD) file. The material exiting the nozzle welds to the surface, cools, and solidifies (sometimes forced air cooling is added). Rapid cooling improves shape control but also introduces internal stresses due to shrinkage during cooling. These internal stresses can cause part warping or delamination. Temperature control at each step of the process is important to maintain accuracy and repeatability. Material heating, patterning, and cooling is done in juxtaposition with layer changes. Over-or under-extruding changes the lamination properties and this can affect the strength of the object being printed. Precisely adjusting the extrusion amount also yields smooth and nonporous surfaces. Underextrusion yields porous surfaces which allows conductive paste to leak between layers during microdispensing creating short circuits as demonstrated in Fig. 2 . Over-extrusion results in a certain surface texture (shown in Fig. 3 ) which can prevent microdispensed conductive paste from forming contiguous lines thus leading to potential open circuits.
B. The Microdispensing Technique
Microdispensing is similar to FFF in that both use pressure to push material through a small nozzle of a fixed diameter. However, whereas thermoplastics are used with FFF, a wide range of different pastes can be used with microdispensing. Because of this versatility, microdispensing is the most versatile of the known direct print approaches, which are those techniques wherein CAD is used to pattern a material onto a substrate without the need for masks or screens. Fig. 1 illustrates both the FFF and microdispensing processes. Since microdispensing is a positive pressure or a time pressure approach, the material viscosity can range from one to millions of centipoise (cP) and be homogeneous or heterogeneous particle-loaded pastes. Conductors, resistors, and dielectrics can be printed and adjusted by selecting or mixing materials and patterned to produce various circuit components [8] . The two challenges in using microdispensing are the postprocess requirements needed to achieve superior conductive properties [9] and the need to be close to the substrate to print [10] .
C. History of Microdispensing-DARPA MICE Program
The term microdispensing has been part of manufacturing since the 1960s [11] but was in reference to microliters of volume not micrometer of size. Line widths of 50 μ m are common in microelectronics. Pads for packaged and unpackaged components can range from hundreds of micrometers to less than 100 μ m, therefore with the advent of microelectronics, improving volumetric control from microliters to nanoliters and even picoliters became important. The DARPA Meso-Scopic Integrated Conformal Electronics (MICE) program developed microfeatures using microdispensing. The goal of the program was to print 10-μ m-wide lines on strongly conformal surfaces including plastics [12] . Such feature sizes require inks or pastes with smaller particle sizes than used in the work described herein. A number of groups now utilize microdispensing for direct printing of electronics on diverse surfaces [13] , [14] .
D. Technology Maturation and Multimaterial Techniques
The combination of thermoplastic extrusion and microdispensing of electronic materials has demonstrated that it is possible to fabricate simple, working electronic devices. Fabricating more advanced electronics requires additional processes such as pick and place installation since actives and some passives still require specialized processing that are not compatible with in situ fabrication. Certain components have demonstrated inadequate performance when printed without additional surface cleaning and smoothing so in situ smoothing is important. DDM calls for all processes to be digitally defined and reconfigurable without retooling.
Stemming from the initial DARPA MICE program, this digital manufacturing approach has matured to such a point that it is now available in a commercial tool (see http://nscrypt.com/). With this capability it is possible to fabricate more complex electronics such as sensing circuits and phased array antenna (PAA) elements and PAA systems [15] - [17] . In addition to 3-D printing complex electronic parts, this system can also be used to print biological constructs and materials for tissue engineered products [18] .
The technology has expanded capabilities due to the multimaterial options. Microwave circuits require a number of diverse materials such as high dielectric constant, lowloss tangent substrates, good conductors, quality passives, and high-performance actives. Three-dimensional-printed substrates provide both mechanical structure of any shape and microwave media for propagating waves. The advantage of unique printed patterns allows for dielectric constants to be tuned [19] , [20] as well as using a mixture of materials to control dielectric constants [21] .
III. E X PA NDING M AT ER I A LS OP T IONS
In addition to improved printing capabilities, the continued growth and utilization of DDM technology depends on the availability and quality of a diverse library of well-understood feedstock materials of tailored properties that are compatible with additive manufacturing (AM) processes. So far, research and development of next-generation 3-D structural microwave devices that can be produced by microdispensing coupled with FFF processes-offering functionality that includes spatially graded properties, field-tunability, stimuli responsiveness, and energy generation and storage, etc.-is limited due to a lack of functional electromagnetic composite materials.
Composites formed by mixing ceramic micro/nanoparticles with host polymers as feedstocks hold great promise for AM-compatible functional material development, and can provide design and synthesis solutions for high dielectric permittivity, high magnetic permeability, and low losses. Combinations of filler/matrix materials types and quantities, dispersion steps, AM printing parameters, and postprocess treatments allow one to strategically tailor the effective electromagnetic properties (dielectric permittivity, magnetic permeability, loss tangent) of the additive manufactured parts. In recent works, a library of thermoplastic-ceramic composites with varied properties have been prepared by dispersing a volume fraction of mechanically milled and high-temperature sintered dielectric or magnetic micro/ nanofillers into a host thermoplastic resin [e.g., cyclo-olefin polymer (COP)] assisted by a chosen hyperdispersant. As compared to other thermoplastics, COP exhibits a fairly high glass transition temperature ( T g ), great chemical inertness to solvents and strong acids, and a low dielectric loss [24] . High-k ceramic particle fillers composed of TiO 2 ( ε r ~96 ), NdTiO 3 ( ε r ~100 ), MgCaTiO 2 ( ε r ~127 ), BaTiO 3 ( ε r ~2, 240 ), and Ba 0.55 Sr 0.45 TiO 3 ( ε r ~2 ,370) in fine powder form with volume fractions of up to 49% have been exploited as fillers together with polydimethylsiloxane (PDMS) silicone elastomer to form flexible polymer-ceramic composites with measured dielectric constants up to 24 [21] - [23] . Meanwhile, thermoplastic-ceramic composites with high-k fillers at varied volume ratios have been explored to produce thin-sheet specimens, showing permittivity of 5 or less [24] , [25] . Fig. 4 presents dielectric permittivity and loss tangent versus frequency from five separate sample measurements by cavity resonator test fixtures for repeatability assessment of 30 vol% COP-TiO 2 composites loaded with 1100 °C sintered and repulverized fillers. The thin-sheet specimens were prepared by a FFF process using in-house extruded filaments, exhibiting a measured mean permittivity and loss tangent of 4.6 and 0.0014, respectively, which are on par with commercial high-performance microwave laminates. The measurements also reveal an excellent repeatability with less than 2% and 4% variations in the relative permittivity and loss tangent, respectively, which corresponds to 2 . 6 × and 1 . 3 × of their standard deviations. As shown in Table 1 , the dielectric loss has increased from 0.0009 to 0.0014 due to the loading of TiO 2 microfillers at a 30% volume fraction. Both homogeneity of the particle dispersion and size control to avoid aggregates or air voids are key to minimizing the extra dielectric loss due to scattering of the electromagnetic waves. The inherent FFF process issues, particularly the need for low-viscosity suspension and a fine nozzle, pose challenges on the best achievable dimensional accuracy, surface smoothness, and processability of heavily filler-loaded feedstocks. Even a minor nozzle size reduction for improving FFF geometrical accuracy and surface finish drastically impedes the molten composite flow rate, which demands better strength and flexibility as well as lower viscosity of the FFF feedstocks. For instance, filament clogging due to excessive backpressure for the melt extrusion limits the filler loading fraction to about 30 vol %. Improved feedstock preparation strategies are needed to achieve desired thermal, rheological, and mechanical properties (e.g., strength, viscosity, glass transition temperature, flexibility, tackiness) simultaneously. Hence, a chemical dispersant can be used to facilitate wetting and efficient low-viscosity particle dispersion that circumvents filament brittleness and high viscosity of the composite melt during the fused deposition modeling process. Thermal expansion measurements were performed over FFF printed samples from −25 °C to 200 °C by a thermomechanical analyzer (TMA) from TA Instruments that reveal their glass transition temperatures. The tested glass transition temperatures of intrinsic COP and 30 vol % COP-TiO 2 specimens are 135 °C and 110 °C, respectively. Both are higher than the typical Tg of pure ABS of roughly 105 °C, which is known to limit the RF/microwave applications of ABS to low power applications. The 25 °C Tg decrease of the TiO microparticle loaded COP composites can be ascribed to the imperfect interfaces between the inorganic fillers and the organic matrix. In our recent work, an anionic surfactant was used to modify the surface of fillers by reducing the surface tension between the filler and the matrix material, which has been shown to generate stable dispersion and to enhance the thermomechanical properties (i.e., increased glass transition temperature and reduced thermal expansion) [26] .
To further widen the achievable properties, both solvent and melt blending can be jointly explored in search of the best process for the preparation of FFF-ready spooled filaments of an ideal formulation, composed of tackifier, wax, plasticizer and a low-loss thermoplastic resin matrix. As seen in Fig. 4 , composites formed by homogeneous mixing of sintered high-k fillers with a chosen low-loss thermoplastic, such as COP, offer great promise for achieving a fairly wide range of permittivity ( ε r = 2~16 ) as shown by the measured results and model prediction. For instance, it is anticipated that a permittivity of 16 can be readily achieved by a COP-based composite with a filler volume ratio of 45%-55% depending on the high-k filler types (e.g., BST, TiO 2 , MgCaTiO 2 , etc.). In order to achieve high particle loading ratio up to 60 vol. %, processing strategies such as heated ball milling, high shear emulsification, and solution blending (also known as ultrasonic homogenization) can be leveraged to produce composites in the form of molten suspension or solvent-dissolved slurry.
A solution-blending method often starts from the choice of a proper solvent that dissolves the host thermoplastic while suspending ceramic particle fillers. For instance, acetone or N-Methylpyrolidone (NMP) can be used as the solvent to dissolve acrylonitrile butadiene styrene (ABS), while Xylene dissolves polypropylene (PP) and COP. The solvent, host thermoplastic, fillers, and a small amount of the dispersant (e.g., 0.1 wt. % Maleic anhydride) can be first homogenized inside a heated flask with a magnetic stirring bar followed by mixing with a planetary centrifugal mixer or an ultrasonic sonicator. If needed a high-temperature sintering process can be applied to the ceramic particles followed by repulverization using high energy ball milling followed by size selection via centrifugal precipitation. The particle size distribution after a high energy ball milling process can be assessed by laser diffraction particle size analysis. After complete solvent evaporation, the precipitated thermoplastic-ceramic composites can be processed as pellets, followed by a melt extrusion process to produce spooled feedstock filaments with desired diameter and filler loading fraction. As compared to other approaches such as direct mixing, the solution-blending method allows enhanced flexibility in the choice of the host thermoplastics and ceramic fillers, while ensuring homogenous dispersion and minimizing particle-to-particle agglomeration. In essence, the solution-blending approach supports homogenous dispersion of more than one type of filler into the host matrix, which allows the incorporation of particle fillers of desired ratios with more design freedom to tailor its properties. In our work, solution blending was used for agglomerationfree dispersion of sub-10-nm Fe 3 O 4 or CoFe 2 O 4 nanoparticles up to 80 wt. % [27] , [28] .
I V. ST RUC T U R A L PROPERT IES
As new FFF-compatible materials are developed, and even as the use of existing materials expands into new application domains, an enhanced understanding of structural properties becomes critical since 3-D-printed materials generally behave differently than when the same material is produced with traditional processes such as molding, forming, and cutting. For example, common materials for FFF such as ABS, Ultem, and PLA have anisotropic material properties that are dependent on the printing parameters such as the orientation during printing and fill patterns [29] - [32] . The printed materials are also more brittle because small defects and voids in the printed parts and weaker bonding between layers decrease strength normal to the printed layers. In printed structural electronics, the same material must often perform both structural and electrical functions. While there is a growing body of data available on the mechanical properties of many common AM materials, less is known about the impact of the printing process on the electrical properties such as the dielectric constant.
Some of the impacts of the printing process are relatively easy to predict like reduced dielectric constants due to voids. However, other factors are less predictable. For example, when conductive inks are printed onto thermally extruded polymer substrates, the ink may flow into the voids creating an irregular cross section (see Figs. 2 and 3 ). This uneven surface introduces additional orientation dependence in the electrical properties (see Section V). When conductive patterns are strained, the mechanical failure will be affected by these factors.
One of the key parameters in FFF is the pattern used to fill the interior of the samples. In many instances, the direction of the infill varies with each layer to provide more consistent and higher printed strength. Thus, the lines of adjacent layers will likely have different orientations.
In one test, a series of ASTM D638-10 standard tensile tests were performed using type 1 printed specimens that were identical except for the printing orientations for the top layer (Fig. 5) . A simple conductor path was printed on the outer surface of the material and the conductivity of the printed conductor was measured as a function of mechanical strain for the different printing orientations. For reference, the same pattern was also printed on a smooth ABS surface. The resistivity increased with strain as summarized in Fig. 6 and Table 2 . Conductors parallel to the printed filaments and those on smooth surfaces show low standard deviations and relatively small variations with mechanical strain. However, conductors perpendicular to the extrusion direction showed much higher resistance (3X), higher variation, and more sensitivity to mechanical strain. This occurs because the ink flows into the trenches between extruded lines creating thin, high-resistance regions due to the poor coverage over the relatively rough surface of the extruded parts. As described in Section V, the orientation differences can have a significant impact on transmission line performance at microwave frequencies. These orientation-dependent properties and structural/electronic coupling need to be characterized and be considered in designing reliable systems. With this knowledge, the polymer extrusion paths could be optimized to improve conductivity by aligning them to the paths of the electrical conductors.
Structural electronics may introduce new challenges in meeting environmental requirements like temperature, humidity, and vibrations. Reliability under these environmental stresses depends on parameters such as adhesion between conductors and dielectrics, thermal expansion differences, and the material stiffness. Preliminary testing of printed silver inks (Dupont CB028) on extruded polymer substrates (ABS plastic) were promising with negligible resistivity change and no delamination from temperature cycling from −52 °C to 70 °C. Exposure to a high humidity environment causes the exterior surface of the silver ink to oxidize and become discolored, however there is minimal change to the conductivity or RF performance. Samples have also been subjected to 100-g vibration accelerations and 1000-g shock loads without failure. In some instances, the direct integration of electronics and structure may improve the mechanical system performance. Additional work is needed to evaluate the potential of printed electronics to serve as packaging for both semiconductor and passive components. Additionally, reliable test methods are needed to validate system performance. Adoption may be accelerated by the adaptation of existing electronic packaging qualification tests for digital manufacturing.
One of the strengths of 3-D printing in creating structural electronics is the capacity to create 3-D geometries that are not feasible with traditional manufacturing methods. This could include 3-D antennas, sensor nodes, and RFID tags that include void spaces [33] - [35] . This capability permits additional design freedom to the electrical system that can enable higher performance systems. It also can be used to help tune the mechanical properties of the system. Void spaces can be filled with a mesostructure that is tuned to achieve particular mechanical properties. For example, a diamond lattice can be created that varies the printed stiffness by over three orders of magnitude [36] . This design freedom can be used to optimize weight/strength tradeoffs or to isolate individual components from thermal, shock, or vibration effects.
An example of how structural strength of an RF device can be optimized is demonstrated in the antenna array unit cell illustrated in Fig. 7 . (The RF performance of this device is discussed in Section VI-B.) The initial design on the left had high compressive transverse strength and in-plane tensile strength, but failed at low in-plane compressive loading due to the onset of buckling. However, the geometric freedom of AM enabled the design of a modified structure allowing higher structural efficiency. The modified unit cell consists of opposing reinforcing diagonals acting along the front and back faces of the unit cell. In order to limit the influence on RF performance, the diagonals are only placed on the front and back faces of the unit cell and are limited to the same thickness as the horizontal beams that run across the middle of the unit cell face. In this efficient design, the trusses enhance the strength-toweight ratio with a minimal weight increase. The reinforced unit cell has an additional mass of just 7% but sharply increases the planar compressive strength by more than 150% with an insignificant impact on electrical performance.
V. M AT ER I A L FE AT U R ES A ND ELEC T R IC A L PER FOR M A NCE
In addition to impacting mechanical properties, the microstructure of objects that are printed using DDM can significantly alter electrical performance. The overall effect results from a confluence of factors which include the properties of the individual materials, the morphology of the as-printed multimaterial features, and the manner in which high-frequency electromagnetic fields distribute over a cross section. This combination of parameters is unique to high-frequency DDM structural electronics due to the central dependence upon the nature of the microdispensing and fused deposition modeling processes. Because of this uniqueness, several studies have recently been conducted to characterize, quantify, and model the phenomena. To some extent, these studies draw upon prior work relating to similar technologies that include printed circuit boards [37] , thin-film [38] , thick-film [39] , and low temperature cofired ceramic approaches [40] .
Selecting a material for microdispensing conductive traces depends on its process compatibility and its electronic properties. Unlike nanoparticle inks that are used with inkjetting deposition approaches [41] , thick-film pastes with sub-10-μ m size particles are typically used with microdispensing. In order to minimize clogging during the printing process the general rule of thumb is to keep the inner diameter of the dispensing nozzle ten times larger than the maximum particle size. If the particle size to pen tip diameter ratio is violated it is possible to print smaller features, however over time the pen tip will clog. To achieve the smallest features, specialty pastes with submicrometer particle sizes are required. Drying temperature is important to drive out solvents in the paste. The limiting criterion is to dry the paste at the highest temperature possible in order to maximize conductivity, at or below the heat deflection temperature (HDT) of the thermoplastic materials on which the paste is printed. The HDTs of selected FFF-compatible materials are given in Table 1 . In terms of printability, it is desirable to use a paste that maintains acceptable edgedefinition and line-width control. DuPont CB028 Ag thickfilm paste, a particle flake loaded thixotropic material with viscosity in the range of 15 000-30 000 cP, has excellent compatibility with the microdispensing process. CB028 has a time-dependent shear thinning feature, implying that the material moves from a thick state to a thin state and then back again to a thick state during the dispensing process. The viscosity drops while the material is flowing and then increases when the material is set. This thinning effect can cause slumping and spreading of the material until it resumes its more viscous state. The direct current (DC) conductivity of CB028 varies from 1.75e6 to 4.62e6 S/m as the drying temperature increases from 60 °C to 160 °C [15] . The typical CB028 layer thickness is 25 μ m, and in this work, only single-layer prints were used since this is sufficiently thick for microwave applications. However, multilayer prints have been successfully printed for previous characterization purposes.
Despite having useful printing and drying characteristics, particle-loaded pastes such as CB028 exhibit some behaviors which can degrade their high-frequency performance. The first is the tendency for the silver flakes to settle toward the bottom of the printed trace, causing a corresponding nonuniform particle density distribution. This effect is seen in the microphotograph of a 25.2-μ m-thick CB028 trace in Fig. 8(a) , which is a cross-sectional SEM and its binary representation that shows silver (light) and nonsilver (dark) regions. In this example, the silver particle density drops almost linearly from 85% at the bottom of the trace to 60% at the top of the trace. This sample was printed on a glass substrate and dried at 120 °C. Measurements made using a near-field microwave microscope [42] operating at 5.8 GHz, which can determine the effective RF conductivity with micrometer resolution, show that the variation in silver density causes the conductivity to vary from ~0.6e6 to ~2.0e6 S/m across the upper surface of similar samples. This range is below the DC conductivity (~4e6 S/m) since that represents an average value over the cross section. In some microwave applications such as narrowband filtering, conductivity in the range of 2e6 S/m can have a pronounced effect on attenuation and values at or above 1e7 S/m are desirable; postprocessing such as flash sintering [43] - [45] or laser treatment may allow this level of conductivity to be achieved even using relatively low-temperature substrates.
Another important artifact of microdispensing conductive paste is the characteristic tapering of the cross section at the edges of printed lines. A representative line edge is shown in Fig. 8(b) . Several analytical models have been developed to predict the impact of nonrectangular edges on the characteristic impedance and propagation constant of microwave transmission lines, most addressing microstrip (e.g., see [46] ). While the increase in the attenuation of uniform line sections may be manageable, in our work, we have found that the quality factor of (coplanar waveguide) resonators can vary by up to 2.5x depending on the amount of thinning of the conductor near the edges for a typical microdispensed line. The significance of the edge shape stems from the tendency of high-frequency currents to concentrate in this region. Thus, it is important to control printing process parameters to minimize such thinning in critical sections of a circuit. These printing parameters can also impact surface roughness. Typical surface roughness of the dried CB028 varies from ~1-3 μ m depending on the material on which it is printed.
The morphology of a multimaterial print that combines fused deposition modeling with microdispensing is even more complex than the CB028-on-glass cross section shown in Fig. 8 . As described above, a substrate printed via FFF has a surface that takes on the filament-like shape of the thermoplastic feedstock. In extreme cases, the surface profile can produce failure points such as short circuits. Even under well-controlled conditions, the surface profile will exhibit ripples that can vary in radius from ~20 to ~100 μ m, depending on printing parameters. The microdispensed paste will coat this surface in a conformal manner, forming conductive valleys that are arbitrarily oriented with the direction of current flow depending upon the print direction (Fig. 9) . It has been found that the insertion loss of microstrip lines varies by up to 20% depending on the relative orientation of the FFF filaments and the printing direction [47] , [48] .
V I. MICROWAV E ST RUC T U R A L EL EC T RONICS
The advances in printing technology, expansion of material options, and greater understanding of the mechanical and electrical properties of the printed structures are all contributing to the potential realization of high-performance, 3-D-printed structural electronics. Examples of structures are described below to demonstrate the current state-of-the-art performance and point out important areas for continuing research. The future commercialization and field deployment of such systems will be motivated by the advantages of 3-D printing but also require performance that meets or exceeds that of current technology.
A. Multilayer Phased Array Unit Cell
The first demonstration of a phased array unit cell fabricated using additive manufacturing was published in 2015 [15] , [16] (Fig. 10) . The unit cell is the building block of a beam-steering PAA and has a circular-polarized crosseddipole antenna on the back side and a distribution layer on the front side. Included on the front side are a 4-bit phase shifter, bandpass filter, low-noise and power amplifier module, transmit-receive switches, and a balun network to properly feed the antenna. The substrate thickness in different portions of the distribution layer is varied in order to optimize size and performance; for example, a thin (250 μ m) substrate is used to minimize the footprint of the phase shifter while a thicker (610 μ m) substrate is used to minimize the insertion loss of the bandpass filter. Internal layers of the unit cell include a ground plane and a double-layer high-impedance surface comprising overlapping conductive patches. The entire structure includes seven levels of ABS and seven layers of conductor, all deposited in a single sequential process without removing the unit cell from the nScrypt 3Dn printing bed. The surface mount components were mounted manually as the final process step with the structure removed from the printer, although integrated inprocess automated pick and place equipment is available on nScrypt machines.
The design of the unit cell antenna leverages an important capability of DDM in being able to spatially vary the dielectric constant of the constituent substrate layers. Furthermore, despite the aforementioned limitations of the conductive paste and substrate surface roughness, the performance is on par with that achievable using low-loss, copper-clad microwave laminates. A 3-D illustration of the crossed-dipole antenna with the double-layer high-impedance surface is shown in Fig. 11 . Two drawbacks that are generally associated with high-impedance surfaces are narrow bandwidth and sensitivity to the size of the gaps between the conductive patches [49] . To address both issues, the doublelayer approach using overlapping patches was adopted. In comparison to using a single HIS patch layer, the use of two layers increases the minimum gap size from 0.3 to 0.65 mm for the bottom HIS plates and 2.4 mm for the top plates, and significantly relaxes the required printing tolerances. The achievable bandwidth is also increased from less than 100 MHz to more than 500 MHz using the double-layer design. The bandwidth was optimized by adjusting the in-fill percentage of the ABS layers and their corresponding relative dielectric constants. The best results are obtained using a combination of layers with 70% in-fill ( ε r = 1 . 98 ) and 100% in-fill ( ε r = 2 . 54 ). The measured S 11 and radiation pattern of the antenna are shown in Fig. 12 . The axial ratio at 2.45 GHz is 0.7 dB. Because of the broad bandwidth, the radiation efficiency of the antenna is relatively insensitive to the conductivity of the CB028. Simulations predict a modest decrease in efficiency from 82% (−0.86 dB) to 77% (−1.1 dB) as the conductivity decreases by an order of magnitude from 1e7 S/m to 1e6 S/m. The simulated radiation efficiency for a comparable antenna with no HIS layer and no back ground plane is 96% (−0.18 dB) assuming the conductivity is 1e7 S/m.
In contrast, the bandpass filter in the unit cell exhibits a more pronounced dependence on the CB028 conductivity because of its narrower bandwidth. The design uses square open-loop resonators that are separated by 240-μ m coupling gaps, and are loaded with 0.5-pF 0402 surface mount capacitors to miniaturize the footprint [50] . The 3-dB bandwidth is ~10%. The measured insertion loss is 3.8 dB, which corresponds with simulations that assume the CB028 conductivity to be 1e6 S/m. For values of 5e6 S/m and 1e7 S/m, the simulated insertion loss reduces to 2 and 1.6 dB, respectively. By comparison, the measured insertion loss obtained using copper-clad Rogers 4003 is 1.5 dB. Thus, with a 10x increase in the CB028 conductivity equivalent performance to that achievable using low-loss microwave laminates with copper conductors is expected. The research described here enables potential integration of microwave electronics in a variety of structures. The first demonstrations of this are shown in a printed quadcopter with a printed 4-element PAA (Fig. 13 ). This functional vehicle was printed to demonstrate the concept of going from CAD to part. Full testing of the PAA during flight will be performed and the prints will then be optimized to more fully integrate the PAA into the structure, making it monolithic. Future research will also include printing these in doubly curved shapes to provide advantages of unique electronic shapes.
B. Three-Dimensional Broadband Antenna Array
A second example of DDM-produced microwave structural electronics is the broadband 2-18-GHz current sheet antenna (CSA) array shown in Fig. 14 . This structure has been developed using the same additive manufacturing technique as the 2.45-GHz array, but with a focus on joint electrical-mechanical design practices. In particular, there was an emphasis on characterizing the mechanical and electrical properties of the printing material when subjected to external forces and changing environmental conditions; the unit cell for this array was introduced in Section IV. Antennas with multioctave bandwidth are especially useful in applications such as wideband radar and signal identification systems. The CSA design achieves broad operating bandwidth by using an array of strongly coupled antenna elements or unit cells [51] and generally requires a 3-D architecture. In this work, each unit cell consists of a differentially fed bowtie antenna on the top of the substrate with a vertical dual coaxial transmission line feed structure that connect the antenna to the microstrip feed lines on the bottom of the substrate. To achieve extremely broadband operation, the addition of a resistive frequency selective surface in between the antenna elements and the array ground layer is required [52] .
A broadband CSA also requires a relatively thick substrate [53] which can significantly add to the material cost and weight. By 3-D-printing mechanical supports, much of the substrate material can be eliminated while still maintaining structural integrity. Another benefit of fabricating such a device using additive manufacturing is that the interfaces between the microstrip feed lines, coaxial lines, and the antenna elements, required in traditional manufacturing of 3-D CSAs, can now be eliminated by printing a continuous trace to connect all the CSA layers. A photograph of a 3-D-printed unit cell is shown in Fig. 15 . The vertical transition incorporates 10-mm-tall, 50-Ω coaxial lines with an internal diameter of 2 mm and an external diameter of 5 mm. The bottom of the vertical coax lines is connected to microstrip lines and coaxial connectors; the measured insertion loss of the microstrip is ~0.05 dB/mm at 18 GHz. The bowtie antennas sit on top of a 10-mm by 10-mm, 0.5-mm-thick ABS substrate. A commercial broadband power divider was used to feed the unit cell differentially which is included in all the measurements. The return loss and the radiation pattern are shown in Fig. 16 . It can be observed that a good match between measured and simulated results was achieved. Although the return loss does not exceed 10 dB until approximately 8 GHz, when the unit cell is combined into a multielement array, the lower operating frequency is reduced due to strong element-to-element coupling. A full description of the performance of the 2x4 element CSA (Fig. 14) will be presented in a future publication.
V II. CONCLUSION
The advances in DDM that have occurred over the past several years, including improved tools, materials, and understanding of as-printed physical and electrical properties, have enabled demonstrations of microwave devices whose performance is on par with those produced using more conventional manufacturing approaches. These advances also motivate further research and development to expand printing capabilities by integrating additional functionality into tools and optimizing processes for factors such as print speed, line definition, and surface finish.
More generally, the demonstrated successes validate the need to investigate broader topics. One example is to achieve tighter coupling between mechanical and electrical performance of the DDM devices, as new system design techniques are required that can help realize the potential benefits of DDM. The interface between DDM-produced parts or systems, and non-DDM parts such as cables, connectors, and housings is also a challenging task given the potential disparities between mechanical, geometrical, thermal, or other properties. A third area of needed development is in the software used in all phases of digital manufacturing, from design to analysis to the machine control and interface. Current software is limiting the ability to harness the 3-D, multimaterial manufacturing potential and the interfaces between diverse software used in different phases are relatively awkward to navigate. Finally, widespread use of systems manufactured by DDM techniques will require new approaches to part validation appropriate to the lowvolume, high-variety product stream. One approach may be to qualify the process rather than the part. Investment in these and other aspects of DDM are needed, and justified by its broad, multi-industry/multi-application nature and the proven potential in fields such as high-frequency structural electronics. While fully printed RF structures are not commercially available, the same processes used in fully printed devices are beginning to be used in part in standard products. The acceptance of this process is the first step in moving toward a more flexible and fully digital platform for manufacturing.
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